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Abstract 
The current paper focuses on the cast irons EN-GJL-250 (ASTM A48 35B), EN-GJS-600 (ASTM 80-55-06) and EN-GJV-400, 
which are often used as structural materials for internal combustion engines and components of the wheel suspension and in the 
wind energy industry, e.g. for rotor hubs. Light and scanning electron microscopic investigations were done to characterise the
individual microstructure, e.g. different graphite precipitates, in particular lamellar graphite (EN-GJL-250), nodular graphite
(EN-GJS-600) and compacted graphite (EN-GJV-400). In stress-controlled load increase and constant amplitude tests at ambient 
temperature, mechanical stress-strain hysteresis, temperature and electrical resistance measurements were performed to 
characterise the fatigue behaviour of the investigated materials. All measured data depend on microstructural changes due to 
plastic deformation processes in the bulk of the specimens and the interfaces between matrix and graphite. This data represent the 
actual fatigue state. The cyclic deformation behaviour is dominated by cyclic hardening processes and graphite-matrix 
debonding.
The physically based fatigue life calculation method “PHYBAL” was modified to the specific requirements of more 
inhomogeneous materials like cast irons. On the basis of fatigue data determined in only nine fatigue tests, the enhanced method
“PHYBALSB” allows the calculation of Woehler (S-N) curves for different probabilities of failure (Scatter-Bands). This short-
time procedure results in a reduction in experimental time up to 90 % and leads to enormous scientific and economic advantages.
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1. Introduction 
Good mechanical, physical and manufacturing properties as well as the relatively low production costs lead to a 
high interest in cast irons for various applications in the automotive and commercial vehicle industry, especially as 
structural materials for internal combustion engines. Due to the increasing specific power output these materials are 
often used for highly stressed components, e.g. crankcases, cylinder heads or exhaust manifolds [1-4]. An 
appropriate material selection and weight-optimised dimensioning are obligatory for safe and economic operation 
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omic advantages. 
conditions of such cast iron components. In particular a consideration of the characteristic fatigue lifetime scattering 
is of prime importance for a reliable fatigue life calculation [5]. 
The current paper is focussed on the cast irons EN-GJL-250 (ASTM A48 35B), EN-GJS-600 (ASTM 80-55-06) 
and EN-GJV-400. Light microscopic (LM) and scanning electron microscopic (SEM) investigations were performed 
to characterise the individual microstructure of these materials. For the detailed microstructure-based 
characterisation of the fatigue behaviour, mechanical stress-strain (V-H) hysteresis, change in temperature ('T) and 
change in electrical resistance ('R) measurement methods were applied. The plastic strain amplitude Ha,p, the 
change in temperature 'T and the change in electrical resistance 'R can be used as input parameters for the 
physically based fatigue life calculation method “PHYBAL” [6-8]. This short-time procedure was modified to 
consider the above mentioned specific requirements of cast irons. With the enhanced method “PHYBALSB”,
Woehler (S-N) curves for different probabilities of failure can be reliably estimated on the basis of only one load 
increase test and eight constant amplitude tests. Thus, the application of “PHYBALSB” allows a reduction of 
experimental time and costs and leads to significant scientific and econ
2. Materials 
The investigated materials were provided by the Daimler AG in round bars with a diameter of 36 mm and a 
length of 300 mm. Figure 1 shows characteristic light (LM) and scanning electron micrographs (SEM) of EN-GJL-
250 (a), EN-GJS-600 (b) and EN-GJV-400 (c). The Brinell hardness, the ferrite fraction and the graphite fraction of 
the investigated materials are summarised in Table 1. 
a) b) c)
Figure 1: LM and SEM micrographs of the microstructure of the cast irons EN-GJL-250 (a), EN-GJS-600 (b) and EN-GJV-400 (c) 
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The microstructure of the investigated materials consists of a predominant pearlitic matrix with different graphite 
precipitates, in particular lamellar graphite (EN-GJL-250), nodular graphite (EN-GJS-600) and compacted graphite 
(EN-GJV-400). In contrast to the lamellar graphite precipitates (Figure 1a), the nodular and partially the compacted 
graphite precipitates are surrounded by a ferrite zone (Figure 1b and c). 
Table 1: Microstructural parameters of the investigated cast irons
EN-GJL-250 EN-GJS-600 EN-GJV-400 
Brinell hardness [HBW30] 224±7 235±6 227±5 
ferrite fraction [area-%] 2.70±1.76 14.56±1.98 7.35±0.80 
graphite fraction [area-%] 12.14±0.05 9.82±0.76 11.49±1.21 
3. Experimental setup 
Stress-controlled load increase tests (LITs) and constant amplitude tests (CATs) were carried out at ambient 
temperature with a frequency of 5 Hz on servohydraulic testing systems using a triangular load-time function and a 
load ratio of R = -1. In the LITs, the stress amplitude Va was increased from Va, start continuously with a rate of 
dVa/dt = 11.1·10-3 MPa/s until specimen failure. The CATs were performed until failure or to a maximum number of 
cycles Nmax of 2·106. In Figure 2 the experimental setup is illustrated in a schematic manner. 
Figure 2: Experimental setup for mechanical hysteresis, temperature, and electrical resistance measurements 
Besides the plastic strain amplitude Ha,p [9], the change in temperature 'T [10] and the change in electrical 
resistance 'R [11] was measured to characterise the microstructure-based fatigue behaviour of the different cast 
irons in detail. For the measurement of Ha,p an extensometer was fixed in the middle of the specimen gauge length. 
The change in temperature 'T was detected with one thermocouple in the middle of the gauge length (T1) and two 
thermocouples at the elastically loaded specimen shafts (T2 and T3). For electrical resistance measurements a DC-
power supply was fixed at both specimen shafts and 'R was measured with two wires which are spot welded at the 
transition of the gauge length and the shafts (Figure 2). The physical quantities Ha,p, 'T and 'R are directly 
influenced by deformation induced changes of the microstructure in the volume of the material and represent the 
actual fatigue state [6-8,12]. In the case of cast irons 'R measurements provide additional information about the 
cyclically induced progress of the graphite-matrix debonding.  
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b).
4. Results
4.1. Load increase tests 
Load increase tests (LITs) allow a reliable estimation of the endurance limit for Nmax = 2·106 with one single 
specimen. In Figure 3, besides the stress amplitude Va, the plastic strain amplitude Ha,p, the change in temperature 
'T and the change in electrical resistance 'R are plotted versus the number of cycles N for LITs with the cast irons 
EN-GJS-600 (Figure 3a) and EN-GJV-400 (Figure 3
a) b)
Figure 3: Plastic strain amplitude, change in temperature and change in electrical resistance in continuous load increase tests for the cast irons 
EN-GJS-600 (a) and EN-GJV-400 (b) 
Both 'R-N curves indicate a decrease, probably caused by closing micro-pinholes and micro-shrinkage cavities. 
Then the courses of 'R are characterised by a saturation state between 6·104 and 1·105 cycles (Figure 3a) and a 
minimum at about 3.5·104 cycles respectively (Figure 3b), followed by an increase indicating an enforced graphite-
matrix-debonding. This will be a subject of further microstructural investigations. A significant change in the slope 
of the Ha,p-N, 'T-N and 'R-N curves of both LITs occurs at VRW, LIT = 220 MPa (Figure 3a) and at 
VRW, LIT = 160 MPa (Figure 3b). The stress amplitude VRW, LIT leading to a change in the slope can be used as an 
estimation of the endurance limit [10]. Thus, the estimation of the endurance limit yields 220 MPa for EN-GJS-600 
and 160 MPa for EN-GJV-400. The stress amplitude of 398 MPa (Figure 3a) and 284 MPa respectively (Figure 3b) 
leads to specimen failure. 
4.2. Constant amplitude tests 
Figure 4a shows cyclic deformation (Ha,p-N) curves for a stress amplitude of 240 MPa of the cast irons EN-GJL-
250, EN-GJS-600 and EN-GJV-400. During the first cycles, the courses of Ha,p indicate plastic strain amplitudes of 
about 0.2·10-3 for EN-GJL-250, 0.03·10-3 for EN-GJS-600 and 0.1·10-3 for EN-GJV-400. Comparatively higher Ha,p
values are measured for the EN-GJL-250 caused by high local stress concentrations at the tips of the graphite 
lamellas. Constant amplitude tests (CATs) were performed with stress amplitudes in the range of 
220  Va  340 MPa for the cast iron EN-GJS-600. In figure 4b, the plastic strain amplitude is plotted versus the 
numbers of cycles N. The courses of Ha,p immediately indicate plastic strain amplitudes between 0.015·10-3 for 
Va = 220 MPa and 0.12·10-3 for Va = 340 MPa followed by cyclic hardening processes until macroscopic crack 
growth. In figure 4c, the change in electrical resistance 'R is plotted versus the numbers of cycles ('R-N curves). 
At first, the courses of 'R are characterised by a decrease leading to minimum 'R values between -2.81 P: for 
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Va = 220 MPa and -1.32 P: for Va = 340 MPa. Then, with increasing number of cycles an enforced graphite-matrix 
debonding results in increasing 'R-N values. The CATs performed with stress amplitudes in the range 
240  Va  340 MPa lead to numbers of cycles to failure between 2·104 and 1·106 whereas the CAT performed with 
Va = 220 MPa reaches 2·106 cycles without failure. The stress amplitude of 220 MPa corresponds very well to 
VRW, LIT = 220 MPa estimated in the LIT. A statistical evaluation of the endurance limit under constant loading was 
no subject of the investigations in this paper. 
a) b) c)
Figure 4: Cyclic deformation curves for constant amplitude tests with Va = 240 MPa for the cast irons EN-GJL-250, EN-GJS-600 and  
EN-GJV-400 (a) as well as cyclic deformation curves (b) and cyclic resistance curves (c) for constant amplitude tests with 
220  Va   340 MPa for the cast iron EN-GJS-600 
5. Physically based fatigue life calculation method “PHYBAL“ 
The physically based fatigue life calculation method “PHYBAL” allows the calculation of Woehler (S-N) curves 
of metallic materials on the basis of generalised Morrow and Basquin equations with data from only one load 
increase test (LIT) and two constant amplitude tests (CATs). This short-time procedure is explained in detail in [7, 
8]. Here “PHYBAL” is applied on the cast iron EN-GJV-400 exemplarily. Apart from one LIT (Figure 2 b), first of 
all two CATs were performed with stress amplitudes of 220 MPa and 260 MPa. These stress amplitudes were 
chosen slightly above the estimated endurance limit and slightly below the stress amplitude leading to failure in the 
LIT. In Figure 5a, the cyclic stress-strain (CSS) curve of the LIT is shown for average Ha,p values (Ƒ) of the load 
levels in the range of 200 MPa  Va  280 MPa. Furthermore, for both CATs the Ha,p values at 104 cycles ( ) which 
is nearly a saturation state are plotted. At first, the ratio Q (Va)Ha,p was determined by dividing the Ha,p values 
measured in the two CATs ( ) by the corresponding average Ha,p values measured in the LIT for the same stress 
amplitude (Ƒ). For all other stress amplitudes Q (Va)Ha,p is linearly extrapolated and interpolated. Then the CSS 
curve for constant amplitude loading (Ŷ) was calculated by multiplying all Ha,p values of the LIT with the 
appropriate ratio Q (Va)Ha,p.
In Figure 5b, the Woehler (S-N) curves calculated with “PHYBAL” on the basis of the plastic strain amplitude 
Ha,p, the change in temperature 'T and the change in electrical resistance 'R are shown. The calculated Woehler (S-
N) curves are located within the scatter-band of the conventionally determined fatigue lifetimes. As the reliable 
application for cast iron requires a consideration of their characteristic fatigue lifetime scattering, “PHYBAL” was 
enhanced. The modification of the short-time procedure, called “PHYBALSB”, includes the possibility to calculate 
Woehler curves for different probabilities of failure. In the following, “PHYBALSB” is applied on the cast iron EN-
GJV-400 exemplarily. 
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a) b)
Figure 5: Calculation of the cyclic stress-strain curve for constant amplitude loading (a) and conventionally determined lifetimes (Nf, conv. )
compared to the calculated Woehler (S-N) curves based on Ha,p , 'T and 'R measurements (b) for the cast iron EN-GJV-400 
In addition to one LIT, three CATs at the stress amplitude 260 MPa and five CATs at the stress amplitude 
220 MPa were performed. At Va = 220 MPa a higher number of CATs was chosen, as the fatigue lifetime scattering 
is more pronounced at the lower stress amplitude. For both stress amplitudes, fatigue lifetimes Nf (Pf) for the failure 
probabilities of Pf = 5%, 50% and 95% can be determined by applying the arc sine P -transformation [13] 
(Table 2).  
Table 2: Lifetimes Nf (Pf) determined according to the arc sine P -transformation for the cast iron EN-GJV-400 
Va = 260 MPa Va = 220 MPa 
Pf = 5 % 9,266 16,000 
Pf = 50 % 20,378 140,967 
Pf = 95 % 44,818 1,182,878 
In the following the application of “PHYBALSB” is explained in more detail for the calculation of the Woehler 
curve for the failure probability of Pf = 5% on the basis of electrical resistance data. For the stress amplitude 
260 MPa a 'Raverage value serves as input parameter besides the fatigue lifetime Nf (Pf = 5%) = 9,266 cycles. In 
Figure 6a, the change in electrical resistance 'R is plotted versus the number of cycles N in cyclic resistance ('R-N)
curves for the CATs with Va = 260 MPa. On the basis of the 'R values measured at 104 cycles an average value 
'Raverage ( ) can be calculated.  
For the stress amplitude 220 MPa apart from the fatigue lifetime Nf (Pf = 5%) = 16,000 cycles, a 'R (Pf = 5%) 
value is used as input parameter for the calculation of the Woehler curve for a Pf = 5%. Figure 6b shows a linear fit 
of 'R-Nf for the CATs with the stress amplitude of 220 MPa, which was determined on the basis of 'R values at 
104 cycles ( ). According to this linear relation the corresponding 'R value 'R (Pf) ( ) can be calculated for 
Va = 220 MPa. 
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a) b)
Figure 6: 'R-N curves for the determination of the 'Raverage value for Va = 260 MPa (a) and 'R-Nf relation for the determination of the 'R (Pf)
values for Va = 220 MPa (b) for the cast iron EN-GJV-400 
In Figure 7a, the cyclic stress-resistance (CSR) curve is shown for the average 'R values of the load levels of the 
LIT in the range of 200 MPa  Va  280 MPa. In addition, for the three CATs with Va = 260 MPa the 'Raverage value 
( ) and for the five CATs with Va = 220 MPa the 'R (Pf = 5%) value ( ) are plotted. At first, the ratios 
Q1 ('R (Pf = 5%)) and Q2 ('R (Pf = 5%)) were determined by dividing the 'Raverage value ( ) and 'R (Pf = 5%) 
value ( ) respectively by the corresponding average 'R values measured in the LIT (Ƒ). For the other stress 
amplitudes Q ('R (Pf = 5%)) is linearly interpolated. Then the CSR curve for constant amplitude loading with 
Pf = 5% (Ŷ) was calculated by multiplying all 'R values of the LIT (Ƒ) with the appropriate ratio Q ('R (Pf = 5%)). 
Consequently, the Woehler (S-N) curve for the failure probability of Pf = 5% can be calculated with “PHYBALSB”
on the basis of electrical resistance data but it is also possible to use Ha,p- or 'T-data. The calculation of the Woehler 
curves for the failure probabilities of Pf = 50% and Pf = 95% can be performed in the same manner.  
a) b)
Figure 7: Calculation of the cyclic resistance curve for constant amplitude loading with a Pf = 5% (a) and Woehler (S-N) curves for failure 
probabilities of Pf = 5%, 50 and 95% calculated on the basis of „PHYBALSB” (b) for the cast iron EN-GJV-400 
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In Figure 7b, the Woehler (S-N) curves for the failure probabilities of Pf =5%, 50% and 95% calculated with the 
“PHYBALSB” method on the basis of the change in electrical resistance 'R for EN-GJV-400 are presented. The 
excellent accordance of the calculated scatter-bands and conventionally determined fatigue lifetimes proves the 
excellent efficiency of the method for cast irons. The new method offers the possibility to safe a lot of experimental 
time and costs because only one LIT and eight CATs are necessary for the reliable fatigue life calculation. As a 
result “PHYBALSB” leads to enormous economic and scientific advantages. 
6. Summary 
The microstructure of the cast irons investigated consists of a predominant pearlitic matrix with different graphite 
precipitates, which are lamellar graphite (EN-GJL-250), nodular graphite (EN-GJS-600) and compacted graphite 
(EN-GJV-400). In load increase tests the endurance limit of this cast irons can be reliably estimated with one single 
specimen. The cyclic deformation behaviour under constant amplitude loading is dominated by cyclic hardening 
processes and graphite-matrix debonding until macroscopic crack initiation. Thereby, electrical resistance 
measurements can be used to asses the actual state of the graphite-matrix debonding. 
 The enhanced “PHYBALSB” method allows a reliable fatigue life calculation for cast irons with data taken from 
nine fatigue tests based on the arc sine P -transformation. Woehler (S-N) curves for different failure probabilities 
calculated on the basis of “PHYBALSB” for the cast iron EN-GJV-400 agree very well with the conventionally 
determined number of cycles to failure. Besides the calculation based on 'R values it is also possible to use plastic 
strain or temperature data. The application of this short-time procedure leads to enormous scientific and economic 
advantages. 
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